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ABSTRACT 35 
In this paper we investigate the formation of the Cretaceous-Paleogene (K-Pg) boundary 36 
layer through numerical modeling.  The K-Pg layer is widely agreed to be composed of meteoritic 37 
material and target rock from the Chicxulub impact site, that has been ejected around the globe 38 
and mixed with local material during final deposition.  The observed composition and thickness of 39 
the K-Pg boundary layer changes with azimuth and distance from the impact site.  We have run a 40 
suite of numerical simulations to investigate whether we can replicate the observational data, with 41 
a focus on the distal K-Pg layer and the impact glasses at proximal sites such as Beloc, Haiti.  42 
Previous models of the K-Pg ejecta have assumed an initial velocity distribution and tracked the 43 
ejecta to its final destination.  Here, we attempt to model the entire process, from impact to the 44 
arrival of the ejecta around the globe.   Our models replicate the observed ejecta thickness at 45 
proximal sites, and the modeled ejecta is composed of sediments and silicate basement rocks, in 46 
agreement with observational data.   Models that use a 45° impact angle are able to replicate the 47 
total ejecta and iridium volume at distal sites, and the majority of the ejecta is composed of 48 
meteorite and target sediments.  Sub-vertical impacts generate too little iridium, and oblique 49 
impacts of ≤ 30 degrees generate too much.  However, in contrast to observations, models that 50 
involve ballistic transport of ejecta lead to ejecta thickness decreasing with increasing distance, 51 
and are unable to transport shocked minerals (quartz and zircon) from the Chicxulub basement 52 
rocks around the globe.  We suggest that much of the K-Pg ejecta is transported non-ballistically, 53 
and that the most plausible mechanism is through re-distribution from a hot, expanding 54 
atmosphere.  The results are important for future investigations of the environmental effects of the 55 
Chicxulub impact. 56 
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1. Introduction 58 
The K-Pg boundary is widely recognized as a global ejecta layer formed by a large 59 
meteorite impact 65 million years ago.  The discovery of an iridium anomaly (Alvarez et al., 1980) 60 
and shocked quartz grains (Bohor et al., 1984) within the K-Pg boundary layer provided the 61 
strongest confirmation of the impact hypothesis.  The Chicxulub crater, historically referred to as 62 
the Cretaceous-Tertiary (K-T) impact crater or ‘smoking gun’ (Hildebrand and Boyton, 1990; 63 
Hildebrand et al., 1991; Swisher et al., 1992), was discovered following a decade of studies of 64 
these worldwide ejecta deposits.  The thickness and composition of the K-Pg layer varies with 65 
distance from the Chicxulub structure (see Smit, 1999 for a review).  Distal sites (> 4000 km from 66 
Chicxulub) are characterized by an ejecta layer of no more than 2-4 mm thick that is enriched in 67 
PGEs (platinum-group elements) and contains abundant impact spherules – microkrystites 68 
(Alvarez et al., 1980; Hildebrand 1993; Smit et al., 1992; Smit, 1999).   The ejecta layer at sites in 69 
North America (2000-4000 km from Chicxulub) is 0.5-2.0 cm thick, and has a dual-layer stratigraphy.  The 70 
upper layer (historically called the fireball layer) is compositionally comparable to the distal ejecta layer, 71 
and the lower layer is comparable to spherule beds at sites closer to Chicxulub.  The K-Pg layer at  sites < 72 
2500 km from Chicxulub is quite variable, and appears to depend on whether the site was in the Gulf of 73 
Mexico, Caribbean or Atlantic, and whether the site was in shallow or deep water, or was continental (Smit, 74 
1999).  Although we have good constraints on the composition and thickness of the K-Pg ejecta, we do not 75 
have a clear understanding of the mechanism for the transport of these ejecta from the impact site 76 
to their final location.  77 
The ballistic distribution of ejecta is well studied around craters on the Moon, but the 78 
Moon is not an appropriate analogue for ejection processes on Earth as it has no atmosphere.  We 79 
also cannot use experimental data, as plume formation and its expansion in the Earth’s atmosphere 80 
cannot be reproduced in the laboratory or in small-scale field experiments. The only available 81 
 5
tools for modeling ejection processes, and post-impact transport through an atmosphere, are 3D 82 
numerical modeling codes.  There have been a number of previous attempts to model the ejection 83 
of material from Chicxulub, and these have either assumed an initial velocity distribution of ejecta 84 
as it leaves the impact site (e.g. Alvarez et al., 1995; Kring and Durda, 2002; Croskell et al., 2002; 85 
Goldin and Melosh, 2007) or have modeled the early stages of impact only (O’Keefe et al., 2001).  86 
Here we attempt to model the entire process, from impact to arrival of the ejecta around the globe. 87 
The focus of this paper is to determine the total volume and composition of materials ejected 88 
around the globe using 3D numerical modeling codes, and assess whether results from these 89 
models adequately match observational data. We have modeled ejection processes for all materials 90 
involved and then used ballistic continuation to reproduce the deposition of: 1) impact glasses at 91 
distances of 800-2000 km from the impact site and 2) the global distal ejecta.  At this stage, we do 92 
not attempt to model the dual layer in North America, or any non-ballistic mechanisms of ejecta 93 
re-distribution, such as within atmospheric flows, ground surges, or tsunami. However, in the 94 
discussion, we consider possible additional mechanisms of ejecta re-distribution. 95 
There are good constraints on the size of this impact (Morgan et al., 1997; Hildebrand et 96 
al., 1998) and lithology of the target rocks (e.g. Lopez Ramos, 1975; Sharpton et al., 1992; Kring, 97 
1995), but estimates of its environmental consequences and causes for the mass extinction are still 98 
debated (Ivanov et al., 1996; Pierazzo et al., 1998; Pope, 2002; Kring, 2007).  We have determined 99 
the total mass and energy of global ejecta as well as its velocity, physical state and precursor target 100 
rocks, as these are important input parameters for modeling the post-impact climate.  Our results 101 
are important for estimating the long-term consequences of the K-Pg impact and assessing the 102 
causes of the K-Pg mass extinction.   103 
 104 
2. Observational data 105 
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Alvarez et al. (1980) identified anomalously high iridium levels within the K-Pg layer and 106 
first suggested the catastrophic impact hypothesis.  They estimated a projectile size of between 6.6 107 
and 14 km diameter, based upon the Ir-abundance at sites in Gubbio, Italy and Stevn’s Klint, 108 
Denmark, which varied by an order of magnitude.   Numerous studies of K-Pg samples during the 109 
subsequent 20 years have shown that: (1) Ir-concentration does not correlate with distance from 110 
Chicxulub; (2) Peak Ir-concentration changes substantially even within the samples from the same 111 
site (Smit, 1999; Claeys et al., 2002). The average Ir fluence in the K-Pg fireball layer is (40 - 55) 112 
×10-9 g/cm2 (Orth et al., 1987; Hildebrand et al., 1998; Kyte, 2004), and the total mass of Ir 113 
worldwide is (2.0 - 2.8) × 108 kg. An undifferentiated impactor was indicated by the near 114 
chondritic distribution of the siderophile trace elements in the K-Pg layer (Kyte et al., 1985), while 115 
the chromium isotopic composition pointed to carbonaceous chondrite (Shukolyukov and 116 
Lugmair, 1998).  Using an average Ir mass fractional abundance for stony meteorites of about 500 117 
ng/g (Ehmann et al., 1970) and an asteroid mass fraction globally dispersed after the impact of 118 
between 0.22 (Alvarez et al., 1980) and 0.5 (Vickery and Melosh, 1990), the K-Pg projectile mass 119 
should be 0.8 × 1015 - 2.5 × 1015 kg. These values suggest a projectile diameter of about 8-12 km 120 
(assuming asteroid density of 2600 kg/m3), but even the upper estimate is too small to produce the 121 
180-200 km diameter Chicxulub crater (Schmidt and Housen, 1987).  If the K-Pg projectile was a 122 
carbonaceous chondrite then the Ir-abundance could be as high as 799 ng/g (Kallemeyn and 123 
Wasson, 1981), and the impactor would be even smaller. 124 
The fact that the total mass of iridium in the K-Pg layer is less than expected, given the size 125 
of the Chicxulub crater, suggests that some aspect of these previous calculations is incorrect.  126 
Either the impactor had a lower than average iridium concentration, or the volume of iridium that 127 
remained close to the impact site or escaped the Earth is greater than suggested.  For example, a 128 
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high-velocity cometary impact, as suggested by Vickery and Melosh (1990) and Hildebrand et al. 129 
(1998), would produce a larger crater for the same projectile size and a lower Ir-abundance. 130 
 131 
2.1 Distal K-Pg boundary layer 132 
The distal K-Pg layer has a fairly uniform thickness of 2-3 mm, and contains spherules and 133 
shocked minerals in a clay matrix.  Impact spherules are the largest component, and constitute 134 
more than half of the global K-Pg boundary clay layer: 850 km3 (Smit, 1999) in a total volume of 135 
between 1000 and 1500 km3.   Smit and Klaver (1981) linked microscopic mineral spherules from 136 
the K-Pg boundary clay in Spain to the distal fallout of an extraterrestrial impact cloud, even 137 
though they were almost entirely replaced by K-feldspar.  The origin of the clay that surrounds the 138 
spherules is unclear, and may be either locally derived or part of the fallout.  The total Ir deposited 139 
is about 55 ng per cm2 in K-Pg sediments (Kyte, 2004).  If the K-Pg layer is formed entirely from 140 
ejecta, this implies a ratio of ~1:5 between meteoritic material with an iridium concentration of 141 
500 ng/g and target rocks.  142 
Impact spherules have subsequently been found in every K-Pg boundary clay fingerprinted 143 
by the Ir anomaly, and have been interpreted as diagenetically altered quenched melt droplets from 144 
an impact cloud (Montanari et al., 1983; Montanari, 1991; Ebel and Grossman, 2005).  It appears 145 
that different groups of microkrystites coexist in individual ejecta layers. The most notable 146 
difference is that some microkrystites contain skeletal Ni-rich magnesioferrite spinels (Kyte and 147 
Bostwick, 1995; Montanari et al., 1983). The spinel-bearing microkrystite group is more mafic in 148 
composition and significantly more enriched in Ir (Montanari et al., 1983) when compared with 149 
the glauconite and K-feldspar rich microkrystites. Ebel and Grossman (2005) used thermodynamic 150 
calculations to determine the composition of spinels condensed from the K-Pg plume, and 151 
concluded that their observed differences in chemistry could be related to different equilibration 152 
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temperatures, or to an original chemical heterogeneity within the plume.  An alternative hypothesis 153 
of projectile ablation during atmospheric entry has been proposed by Robin et al. (1992) for the 154 
origin of the spinel, but is difficult to reconcile with the short entry time, and the observed global 155 
systematic pattern in spinel chemistry (Kyte and Bostwick, 1995).      156 
[Table 1] 157 
The distal K-Pg boundary contains shocked minerals that form around 1% of the layer 158 
(Hildebrand, 1993).  Using observational data from Morgan et al. (2006) the total volume of 159 
shocked quartz within the global K-Pg layer is estimated to lie between 0.044 and 0.141 km3 160 
(Table 1), and within the distal ejecta layer to be 0.017-0.053 km3 (> 3000 km from Chicxulub) .  161 
Shocked quartz grains from the K-Pg boundary show an inverse relationship between size and 162 
distance from the impact site (Bohor et al., 1987; Bostwick and Kyte, 1996). The largest shocked 163 
grains (500 to 1250 µm in diameter) are found in North America, Gulf of Mexico and Caribbean; 164 
much smaller (diameter < 190 µm) and less abundant grains are found at European sites, in the 165 
Pacific, and in New Zealand (Alvarez et al., 1995; Pope, 2002).   The decrease in particle size (in 166 
both the spherules and shocked minerals) with paleodistance from Chicxulub is consistent with a 167 
single impact at Chicxulub.  Shocked quartz and zircon within the distal K-Pg layer are thought to 168 
originate from Yucatán basement rocks that are buried beneath ~3 km of platform carbonates and 169 
evaporites at Chicxulub (Hildebrand et al., 1991). 170 
Studies of basement clasts in impact breccias from the Chicxulub crater suggest that the 171 
uppermost basement rock is formed from silicate-rich rocks (Kettrup and Deutsch, 2003; Sharpton 172 
et al., 1996) with an average quartz content of ~25 %  (Vermeesch, 2006).   No quartz has been 173 
observed in drill core from the Cretaceous sediments, hence it is the basement rocks that are the 174 
most likely source of the shocked minerals within the K-Pg layer.  This is supported by the 175 
observation that shocked zircon within the K-Pg layer in North America and Canada have 176 
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comparable age ranges to those in the Chicxulub impact breccias (Krogh et al., 1993; Kamo and 177 
Krogh, 1995). 178 
 179 
2.2 Impact glasses at proximal sites 180 
Spherule deposits containing glass have been found at the K-Pg boundary in deep-water 181 
carbonate sediments in the Beloc region of Haiti (Hildebrand and Boyton, 1990; Izett et al., 1991; 182 
Sigurdsson et al., 1991) and in NE Mexico (Schulte et al., 2003). The K-Pg section at Beloc, 183 
which was 860-910 km from Chicxulub at the time of impact (Hildebrand et al., 1991), consists of 184 
two distinctive spherule beds, which may be attributed to more than one depositional process.  The 185 
basal unit (20-30 cm thick) is considered to be formed from ballistic fallout of glass spherules, 186 
based on normal grading, good sorting, and low carbonate content; while the upper unit, 20-40 cm 187 
thick, poorly sorted, is thought to be deposited from particle gravity flow such as ground surge 188 
from the impact itself or secondary, earthquakes/tsunami generated flows (Carey et al., 1993). The 189 
glass spherules range from 1 - 6 mm in diameter and constitute ~25% of the layer (up to 50% if 190 
altered spherules are included). The size and abundance of these glass spherules point to the close 191 
proximity of the impact site. 192 
The chemical composition of the glass suggests a mixture of mafic rocks and Ca-rich 193 
sediments.  These glasses resemble tektites as they are crystal-free, possess vesicles, and are 194 
volatile poor. The gas pressure in the vesicles is almost zero, indicating that the glass was formed 195 
from melt droplets that solidified in ballistic flight in the upper atmosphere.  The chemical 196 
composition of black silica-rich (66-68% silica) glasses is similar to upper continental crust and 197 
correlates well with impact melt from the Chicxulub crater (Smit, 1999, fig. 14), while the Ca-rich 198 
yellow glasses represent a mixture of basement rocks with sediments (Sigurdsson et al., 1991).  199 
The proportion of yellow relative to dark glasses was initially estimated as 2-5% (Sigurdsson et 200 
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al., 1991; Lyons and Officer, 1992), but was considered to be higher by Mauresse and Sen (1991) 201 
who noted that all the least weathered glasses were high in Ca at some sites.    202 
2.3 Summary 203 
The first-order observational data that we consider to be reasonably well constrained, are: 204 
the volume and thickness of ejecta at proximal and distal sites, the volume and thickness of silica-205 
rich  glasses at proximal sites, and the volume of iridium and shocked quartz at distal sites. Hence, 206 
we focus on comparing our model outputs with these observations in section 4. 207 
 208 
3. Numerical methods and initial conditions 209 
We model the impactor colliding with the earth and high-velocity impact ejecta motion using the 210 
3D hydrocode SOVA (Shuvalov, 1999) and the ANEOS equations of state for geological materials 211 
(Thompson and Lauson, 1972). SOVA is a two-step Eulerian code that can model 212 
multidimensional, multi-material, large deformation, strong shock wave physics. It is based on the 213 
same principles utilized in the well-known code CTH (McGlaun et al., 1990). A suite of 214 
benchmark/validation tests of impact hydrocodes (including the SOVA) have been performed 215 
recently and show that SOVA performs well and produces comparable result to other hydrocodes 216 
(Pierazzo et al., 2008; also Pierazzo et al. Meteoritics and Planetary Science, accepted for 217 
publication in August 2008). We use a tracer (massless) particle technique to reconstruct dynamic 218 
(trajectories, velocities), thermodynamic (pressure, temperature) and disruption (strain, strain rate) 219 
histories in all parts of the flow. Most of the results presented below are obtained by the analysis 220 
of these tracer particles. To model collapse of the plume and ejecta deposition we introduce real 221 
particles into the flow. We do not model the fragmentation process itself (i.e. crack growth). 222 
However, all solid/molten ejected materials subjected to tension (i.e. with density below normal 223 
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for a given temperature) are disrupted into fragments with a size-frequency distribution defined by 224 
the maximum shock compression (Shuvalov 2002; Artemieva and Ivanov, 2004).  225 
Immediately after fragmentation, the velocity of these particles is the same as their original 226 
source material velocity. Subsequently, however, the velocity of individual particles may change 227 
relative to each other.  For example, large fragments will move on ballistic trajectories that are 228 
independent of, and at a different velocity to, the expanding  plume.  In contrast, small fragments 229 
will travel as a passive component within the plume, and at plume velocity. The motion of 230 
particles within a gas/liquid mixture can be fully described using two- or multi-phase 231 
hydrodynamics. It should be noted that the meaning of “phase” here is not equivalent to 232 
“material”. Whereas, in one computational cell, phases may have different velocities, “materials” 233 
have different EOSs but must have the same velocity. In the modeling presented here we use the 234 
“dusty flow” approach to model individual “phases” (Boothroyd, 1971), which was implemented 235 
into the SOVA code by Shuvalov (1999). “Dusty flow” is, on one hand, a simplification of two-236 
phase hydrodynamics (Harlow and Amsden, 1975; Valentine and Wohletz, 1989) as the direct 237 
particle-particle interaction and interphase mass exchange are neglected. On the other hand, it is a 238 
better approximation of the real flow as it allows particles of various sizes to be modeled, whereas 239 
two-phase hydrodynamics only deals with two phases, i.e. gas and one sort (size) of particles.  In 240 
the "dusty flow" model, each fragment is characterized by its individual parameters (mass, density, 241 
position, and velocity) and is subjected to gravity and drag.  Two types of drag forces are 242 
important: so-called high-velocity drag, Dhv=0.5Cdρa(πr2/4)(Vg-Vd)2, where ρa is gas density, r is 243 
particle radius, Vd and Vg are particle and gas velocities, respectively, and Cd is drag coefficient 244 
(we assumed a typical value for spherical particles of ~1); and Stokes drag Dlv=6πrµ(Vg-Vd), 245 
where µ is the dynamic viscosity of gas.  We can see from these equations that drag depends on 246 
the difference between particle and gas velocities, not on particle velocity alone. Particles also 247 
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exchange momentum and energy with the surrounding vapor-air mixture; gas parameters at each 248 
time step are initially defined by standard hydrodynamics and then are “corrected” according to 249 
their momentum and energy exchange with surrounding particles.   250 
In our model large-scale turbulence is modeled directly, while sub-cell turbulence is taken 251 
into account as a turbulent viscosity in order to mimic particles’ transfer by eddies.  Turbulent 252 
viscosity is proportional to eddy size (usually 10-20% of the cell size) and gas velocity within the 253 
cell (see Valentine and Wohletz, 1989).  This viscosity may be of a similar value to a standard 254 
artificial viscosity that is used in modern hydrocodes to smooth gas dynamical parameters across a 255 
shock front.  However, the physical meaning and applicability of these two viscosities is quite 256 
different. 257 
 258 
Standard sedimentation process is a special case of dusty flow, in which gas may be treated 259 
as immobile and particles’ mass is negligible in comparison with gas mass. At the opposite limit, 260 
when total particles’ mass is substantially larger then gas mass, “dust” behaves almost like a solid 261 
piston. For example, massive ejecta re-entry may severely perturb the Earth’s atmosphere. In our 262 
models presented in section 4 we have ignored this effect, but we have explored ejecta re-entry 263 
further in the discussion in section 5.5. No-drag regime is another special case, when the particles 264 
and gas are moving with the same velocities (this is likely to be most important in the initial stages 265 
of plume expansion). 266 
In summary, the "dusty flow" approach allows us to model the interaction between 267 
particles and gas, moving with different velocities, in a wide range of gas/particle mass ratios, 268 
from diluted flows, in which particles are a passive component, to quite dense particle flows, in 269 
which the particles may act as gas accelerator. 270 
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Routinely we use a constant spatial resolution of 12-15 particles per projectile radius, i.e. 271 
500-600 m, within the “future crater” zone. The cell size increases towards the boundaries of the 272 
computational mesh, which is usually located at a distance of > 300 km from the crater center. 273 
This resolution is, as usual, a compromise between the accuracy of calculations and computer 274 
time/memory available. This compromise still exists in 3D models. We use “outflow” boundary 275 
conditions to minimize disturbances of the inner part of the flow from boundary related 276 
disturbances. However, the mass and velocity of all materials that reach the model boundaries are 277 
retained and used later to determine their final site of deposition (proximal or distal) or their 278 
escape from the Earth (using ballistic continuation above the Earth’s atmosphere). 279 
We start with a simplified model of the Chicxulub target that is similar to previous models 280 
(Stöffler et al., 2004; Ivanov, 2005), and is comprised of a 3-km-thick layer of sediments with zero 281 
porosity (calcite EOS), a 30-km-thick crystalline basement (granite EOS), and mantle (dunite 282 
EOS).    First, we have modeled a 45 degree impact (the most likely impact angle) into this target 283 
and refer to this as our standard model.  We have chosen an impact velocity and impactor diameter 284 
that produces a transient cavity diameter of 90-100 km, in order that the modeled crater matches 285 
geological and geophysical observations (Morgan et al., 1997; Hildebrand et al., 1998; Collins et 286 
al., 2002).   Then, we have run a number of other simulations with different impact angles and 287 
higher impact velocities, as well as 45°-impact into water-saturated sediments, to investigate the 288 
effect of changing these parameters on the ejection process. 289 
For the wet sediments, we have used a model with 30% porosity.  Physical properties of 290 
Cretaceous sediments at the Chicxulub impact site have been measured and estimated at Yax-1 291 
borehole (Mayr et al., 2008).  Anhydrite samples within Yax-1 typically have a porosity of a few 292 
percent, while dolomite and calcarenite have more variable porosities that range from a few to up 293 
to 20%.  The Cretaceous sediments in Yax-1 were almost certainly fractured on impact, and then 294 
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subsequently affected by chemical alteration and crack closure through compaction.  Porosity may 295 
have been higher at the time of impact than is currently observed, and we use a 30% wet porosity 296 
value for the entire sedimentary section, in order to investigate the maximum possible effect that 297 
porosity may have on vapor expansion.   Part of the rationale for using a wet porosity is to 298 
investigate whether it leads to a significant increase in ejection velocity, as suggested by  Kieffer 299 
and Simonds, 1980 (Artemieva, 2007).  Specific strength properties of porous rocks were not 300 
taken into account, however special EOS, assuming a total thermodynamic equilibrium between 301 
water and calcite, has been constructed similar to a basalt-water mixture (Pierazzo et al., 2005).   302 
We also ran one impact simulation into a target with a 3-km-thick water layer (instead of 303 
sediments), as a recent seismic survey indicates a deep basin, with > 2 km water, existed in the 304 
north and northeastern quadrant of the impact site (Gulick et al., 2008). 305 
For a vertical impact we determine the size of the transient crater using the efficiency 306 
parameter DprVpr0.58(Dienes and Walsh, 1970), and use units of km and km/s for projectile 307 
diameter and velocity.  We use similar parameters to Ivanov (2005), that led to a good  fit between 308 
modeling and observations at Chicxulub, with an impact velocity Vpr of 18 km/s (slightly higher 309 
and more realistic) and projectile diameter Dpr of 12 km instead of 14 km.  We have changed the 310 
projectile size with impact angle so as to maintain a constant transient crater size of 90-100 km 311 
diameter, and this equates to a 14.4-km-diameter projectile for a 45° impact, and 16 km for a 30° 312 
impact.  The laboratory-derived scaling (Chapman and McKinnon 1986) used here  assumes that 313 
only the vertical component of impact velocity is efficient in crater excavation, whereas numerical 314 
models suggest that this may be incorrect for natural impacts (Ivanov and Artemieva, 2002). Thus, 315 
we may overestimate the projectile size (and hence, amount of ejecta) in our modeling of oblique 316 
impacts.  We have also modeled one high velocity impact (36 km/s), and use standard scaling 317 
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(Schmidt and Housen, 1987). In all runs we use a projectile density of 2600 kg/m3 as this is typical 318 
for large asteroids with a porosity of 20-30% (Britt et al., 2003).   319 
Below we summarize the results for five of our simulations: 1) 45° impact angle, velocity 320 
18 km/s (the standard model),  2) 30° impact angle, velocity 18 km/s, 3) 45° impact angle, velocity 321 
36 km/s, 4) wet target, 45°, velocity 18 km/s, 5) wet target, 90°, velocity 18 km/s. 322 
4.  Results 323 
The maximum pressure recorded by tracers in the projectile and target rocks during our 324 
simulations is used to estimate the total volume of melt and vapor produced for each material 325 
during impact (Table 2).  According to the EOSs in use, basement rocks are molten after shock 326 
compression above 55 GPa, while vaporization starts at 140 GPa (and wt% of the vapor may be 327 
defined for each value of shock compression). Sediments (we do not separate them into anhydrite 328 
and calcite) are decomposed at 60 GPa and pore water is vaporized at 10 GPa. If any 329 
target/projectile tracer reaches a position above the pre-impact surface, it is treated as “ejecta” 330 
from the crater. We have also monitored particle velocity, and use this to estimate the total volume 331 
of ejecta that either: escapes Earth’s gravity (i.e. ejecta velocity is above 11 km/s), reaches distal 332 
and proximal sites, or remains close to or within the crater (Table 3). 333 
 [Table 2] [Table 3] 334 
We note that, in all impact scenarios, > 80% of decomposed sedimentary materials leave 335 
the crater, while only 5-12% of molten basement is ejected.  The projectile is almost entirely 336 
molten and, on average, 75% of this melt is ejected from the crater.  At the highest impact velocity 337 
of 36 km/s nearly all projectile material leaves the crater. 338 
 339 
4.1 Modeled distal ejecta 340 
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In our standard modeling simulation, we noted a surprising result: basement (both molten 341 
and solid) travels at fairly low velocities immediately after ejection (Fig.1) and ten seconds after 342 
impact, the maximum velocity of basement material is 2.7 km/s in the downrange direction. In 343 
addition, only a small volume of basement material is ejected in the uprange direction and at very 344 
low velocity (Fig. 1).  More highly compressed material (melt) is ejected more asymmetrically 345 
than solid material, with more ejecta traveling in the downrange direction. 346 
[Fig.1] [Fig.2] 347 
Figure 2a shows the material (projectile, sediments, basement) in the expanding plume for the 348 
standard model, 35 seconds after impact and the ejected mass and velocity of these materials (Fig. 349 
2b) at various altitudes.  The high-velocity ejecta material in the upper part of the plume is 350 
composed of vaporized projectile and target sediments, while the lower part of the plume is 351 
composed of shocked and molten basement, and solid sediments, traveling at relatively low 352 
velocities.   After 35 seconds, all the ejected basement material is below an altitude of 70 km and 353 
has a maximum velocity of 2.5 km/s (Fig. 2).   The maximum distance reached by the basement 354 
rocks traveling on ballistic trajectories with these velocities is about 700-1000 km.  This result 355 
(relatively low ejection velocity of the basement material) appears to be in accordance with the 356 
observation that high-velocity ejecta, such as tektites (Koeberl, 1994; Stöffler et al., 2002) or 357 
meteorites from other planets (Melosh, 1984; Nyquist et al., 2001; Artemieva and Ivanov, 2004), 358 
originate exclusively from the uppermost layers of the target (spallation zone) and not deeper than 359 
1/10 of the projectile diameter.   At Chicxulub, onshore wells show that crystalline basement lies 360 
~3 km below surface (as in our model) and may be even deeper offshore (Bell et al., 2004; Gulick 361 
et al., 2008).  This corresponds to a depth of ~0.2Dpr, and confirms that we should not expect 362 
shocked basement rocks to be expelled from the impact site at high velocity.   363 
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Assuming ballistic trajectories, we have used our mass-velocity distribution of ejecta to 364 
determine global ejecta thicknesses (Fig. 3).  The total amount and estimated thickness of ejecta is 365 
comparable with observations, with a few cm at intermediate distances of 1800-2500 km (e.g. in 366 
North America), and a few mm thick worldwide (at distances > 4000 km).  However, a model of 367 
pure ballistic continuation inevitably leads to ejecta thickness decreasing with distance from the 368 
crater (Fig. 3),  Hence, one of the first-order observations –  the almost constant 2-3 mm thickness 369 
of the global K-Pg layer, is not replicated in our modeling.  370 
[Fig. 3] 371 
In the standard model (Table 3, first row) 5% of the projectile material escapes the Earth, 372 
31% remains within the final crater (not ejected or ejected with velocity below 1 km/s), and 373 
another 30% is deposited within the first thousand kilometers from the crater (ejection velocity 374 
between 1 and 3 km/s). Around 14% of the projectile has a velocity between 5 km/s and 11 km/s, 375 
and may be distributed worldwide, which is equivalent to ~210 km3 of projectile material.  If 376 
sediments and projectile with velocities between 5 and 11 km/s (13.6% and 35.4% of the projectile 377 
volume, respectively, see Table 3) are distributed around the globe in a similar way, then the distal 378 
ejecta would be composed of sediments (72%) and projectile (28%), and the total volume of 379 
material  is ~770 km3.  This is slightly less than 850 km3 of K-Pg spherules world-wide estimated 380 
by Smit. (1999).  However, we expect some back reactions to occur (and hence, additional energy 381 
release) in the plume, as suggested by the calcite-rich spherules in proximal sites like Belize (Smit, 382 
1999), so our modeled volume of 770 km3 for the distal ejecta is considered to be a minimum 383 
estimate.  There is no basement material in the modeled distal ejecta.  In this model 0.14 of the 384 
projectile may reach distal sites, and this is significantly lower than estimates of 0.22 by Alvarez et 385 
al. (1980) and 0.5 by Vickery and Melosh (1990). This is an important result as it means that the 386 
volume of iridium within the global ejecta layer is estimated to be 2.77 x 108 kg (assuming an Ir 387 
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concentration of 500 ng/g) and is similar to the observed volume (2-2.8 x 108 kg).   Thus, in our 388 
standard model, if we assume the observational data is accurate, we have a small volume 389 
deficiency (10%), but not an Ir-deficiency in the fireball layer.  Our results suggest that distal 390 
spherules are composed from projectile and sediments in a ratio of ~1:3.  If the clay that surrounds 391 
these spherules was dominantly locally derived, or if the clay and some spherules originate from 392 
low-velocity (projectile-poor) ejecta that has travelled non-ballistically (see section 5.5), then the 393 
meteoritic ratio would be ~1:6, which is in a good agreement with observations (Kyte, 2004).  394 
One other consequence of ballistic ejection, is that sites between 1000 and 4000 km (ejecta 395 
velocities > 3 km/s and < 5 km/s), have an excess in Ir of 4.1 x 108 kg, and a total volume of  396 
~1500 km3.  Iridium concentrations are not particularly high at these distances, and the observed 397 
1-2 cm thick K-Pg layer in North America integrates to a volume of only 500-1000 km3.  Hence, 398 
two more first-order properties of the K-Pg layer are not modeled well: 1) there are no shocked 399 
minerals from the Chicxulub basement at distal sites, and 2) the volume of ejecta in North 400 
America is too high (by a factor of ~2). 401 
Part of the rationale for simulating a number of impact scenarios was to investigate the 402 
sensitivity of the ejection process to impact angle and target structure.  The results for Model 5, a 403 
vertical impact (last row in Table 3), are distinctly different from the others: there is no high-404 
velocity projectile material and the volume of high-velocity sediments is extremely low.  In all 405 
models, basement material is ejected at velocities of less than 5 km/s, and would therefore not 406 
reach distal sites on ballistic trajectories.  The total volume of material ejected at velocities of > 5 407 
km/s is between 770 and 1630 km3, with a maximum for the most oblique impact. The ratio 408 
between projectile and sediments varies from 0 to 1, and the maximum volume of projectile 409 
material with velocities > 5 km/s is 840 km3, obtained with the 30° impact.   It is difficult to 410 
establish a general trend from 5 models but: low impact angles of ≤ 30° appear to disperse too 411 
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much projectile world-wide, while sub-vertical impacts appear to disperse too little.  Impacts into a 412 
water-saturated target are similar to the dry target, with only a slight increase in volume of ejected 413 
projectile and sediments, and high-velocity ejecta. The three models with 45° impact angles (1, 3, 414 
and 4) give similar world-wide Ir masses of 2.8-3.5 x 108 kg, and are reasonably close to the 415 
observed estimate of 2-2.8 x 108 kg.  The projectile to sediment ratios in the ejecta are between 1:3 416 
and 1:4.  417 
Alvarez et al. (1995) used analytical estimates and O’Keefe et al. (2001) used early stage 418 
modeling to suggest that basement material is accelerated to high velocity within the expanding 419 
plume.  In order to investigate this, we created three hemispheres (with radii of 100, 200, and 300 420 
km) around the growing crater, and examined material flow between spheres to document any 421 
particle acceleration.   Analytical continuation of ejecta mass-velocity distribution from a 100-km-422 
radius sphere to a 200-km-radius sphere, assuming pure gravitational deceleration, is confirmed by 423 
our numerical modeling (Fig. 4a,b).  424 
[Fig. 4] 425 
Our models show that there is no substantial acceleration within the lower part of the plume.  426 
Essentially, acceleration is only possible if at least one of three conditions is fulfilled in the plume: 427 
(1) solid ejecta are surrounding by hot expanding vapor; (2) turbulent mixing of slow and fast parts 428 
is fast and efficient; (3) the plume itself is buoyant (as it was in the case of Shoemaker-Levy 9 429 
collision with Jupiter).  None of these conditions operate in the case of the Chicxulub plume: (1) 430 
solid/molten basement ejecta are surrounded by sediments that were compressed to even lower 431 
pressures (as sediments are closer to the surface), hence vaporization in the lower part of the 432 
plume is minimal;  (2) turbulence does not operate efficiently on a short time scale and on a large 433 
spatial scale; moreover, velocity distribution within the plume is linear in agreement with the 434 
standard analytical solution for gas expansion into vacuum (Zeldovich and Raizer, 1966); (3) the 435 
 20
lower part of the plume, containing basement ejecta, is not hot and rarefied, and hence, buoyant 436 
(moreover, it is not surrounded by atmosphere, which has been removed from the impact site 437 
earlier by the expanding plume).  Thus, acceleration within the plume can not be invoked to 438 
explain the ejection of shocked quartz from basement rocks worldwide.  In the discussion, we 439 
explore alternative explanations for the presence of shocked quartz within the distal K-Pg layer. 440 
 441 
4.2 Modeled proximal ejecta 442 
Our estimates of the total melt production from the basement (18,000-28,000 km3, 443 
depending on impact angle and impact velocity) are in a good agreement with simple scaling-444 
based estimates (Kring, 1995; Pope et al., 2004), geophysical studies (Ebbing et al., 2001; Morgan 445 
et al., 2002; Hildebrand et al., 2003) and modeling results using different hydrocodes (Pierazzo 446 
and Crawford, 1998; Ivanov, 2005). 447 
Using pure ballistic continuation for the basement tracers, subjected to shock compression 448 
above 50-60 GPa (i.e. molten after decompression) we estimate melt deposition at proximal sites 449 
(Table 2).  The majority of the melt (~80%) lies within or near the crater even at late time 450 
moments, and would be a component of melt rocks or melt rich (suevitic) impact breccias.  451 
Around ~3% of the total melt produced is ejected from the crater with velocities above 1 km/s and 452 
deposited outside the crater rim.  In Fig. 5 we show two examples (Model 1: standard model, and 453 
Model 4: wet sediments) of the distribution of basement melt around Chicxulub. The thickness of 454 
the melt deposit is about 10 cm - 1 m at a distance of 700-1000 km for the wet target, and this is 455 
comparable with the observed volume of Si-rich impact glass deposits. 456 
[Fig. 5] 457 
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 458 
5. Discussion 459 
 460 
There are three first-order observations that are not well-modeled in our simulations: 461 
shocked minerals from the Chicxulub basement rocks have velocities that are too low to travel to 462 
distal K-Pg sites on ballistic trajectories, the volume of ejecta in North American sites is slightly 463 
too high, and the thickness of ejecta at distal sites decreases with distance from the crater.  Here 464 
we explore some possible explanations for these discrepancies: models with a different impact 465 
angle and/or velocity, models with a different target stratigraphy, errors in the code and non-466 
ballistic mechanisms of transport. 467 
 468 
5.1.  Models with different impact angles and velocities 469 
Highly oblique impacts lead to higher ejection velocities, but also to substantially 470 
shallower excavation depths (Gault and Wedekind, 1978; Schultz, 1996; Pierazzo and Melosh, 471 
2000). Impacts close to vertical have maximum excavation depths, but lowest ejection velocities.  472 
Models 1, 2, 4, and 5, with various impact angles and a velocity of 18 km/s (Table 3) do not 473 
produce high-velocity (> 5 km/s) basement ejecta.  A high-velocity impact of 36 km/s (similar to 474 
cometary impacts) leads to the ejection of 13 km3 of basement material with velocities above 3 475 
km/s (but still below 5 km/s).  This is enough material to produce the global shocked quartz 476 
volume (Table 1), but the velocity is too low for the quartz to reach distal sites through ballistic 477 
transportation. 478 
 479 
5.2  Models with a different target stratigraphy 480 
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As already discussed, water content in sediments has only a minimal effect on the 481 
basement ejection velocities.  In our tests, the only scenario that led to high-velocity basement 482 
ejecta, was an impact into a 3-km water layer directly above basement.  This is compatible with an 483 
impact into oceanic crust, a scenario that was discussed intensively in the 80-ies after the K-T 484 
bolide hypothesis had been widely accepted, but before Chicxulub was discovered (Alvarez et al., 485 
1980; Montanari et al., 1983; Smit and Kyte, 1984; Hildebrand and Boyton, 1990).  However, the 486 
lack of quartz in oceanic crust, the Yucatán continental basement age of zircon in K-Pg ejecta 487 
(Krogh et al., 2003), and the observation that the Cretaceous sediments around the Chicxulub site 488 
were 2.5-3 km thick onshore (Lopez Ramos, 1975; Ward et al., 1995) and > 3 km thick offshore 489 
(Bell et al., 2004; Gulick et al., 2008; Collins et al., 2008) all suggest that this scenario is unlikely.  490 
The presence of shocked quartz in the distal ejecta layer could also be explained if quartz 491 
were a minor component of Upper Cretaceous sediments.  This also seems unlikely, as 1) no 492 
quartz has been reported in Cretaceous sediments in Yucatán drill core to date (Koeberl, 1993; 493 
Ward et al., 1995) and 2) PDF in quartz from sedimentary rocks have different characteristics to 494 
PDF in crystalline rocks (Grieve and Therriault, 1995). However, we cannot dismiss this as a 495 
possible explanation, as we only require a quartz abundance of less than 1% to create the known 496 
shocked quartz distribution, and the sampling of the Upper Cretaceous is imperfect – the holes are 497 
sparsely distributed, old holes are only partially cored, and the uppermost Cretaceous is missing in 498 
some wells (Urrutia-Fucugauchi et al., 1996).   499 
 500 
5.3 Errors in the code and EOS 501 
There are unlikely to be any fundamental errors in the SOVA code: the hydrocode has been 502 
thoroughly tested; mass, momentum and energy conservations are under strict control during the 503 
runs; the same code is now routinely used to model high-velocity ejecta such as tektites (Stöffler et 504 
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al., 2002) and Martian meteorites (Artemieva and Ivanov, 2004).  Following an investigation into 505 
the effect of resolution on model results, a spatial resolution of 12-15 cells per projectile radius (as 506 
used here) was considered sufficiently high for 3D impact models.  A model that was run at twice 507 
this resolution, for the initial stages of impact, did not lead to any substantial differences in either 508 
maximum shock compression or ejection velocity.  One possible limitation is that it may lead to a 509 
slight underestimate in the amount of molten material (Pierazzo et al., 1997) but not in ejection 510 
velocities (Artemieva and Ivanov, 2004). 511 
It is well-known that ANEOS does not accurately reproduce vaporization in geological 512 
materials, and that this might lead to an overestimate of velocities with the expanding vapor 513 
plume. Recently Melosh (2008) substantially improved the existing EOS for quartz by introducing 514 
molecular clusters.  Tests did show a substantial increase in the amount of vapor (from 10% to 515 
30% for a shock compression of 242 GPa), but, at the same time, plume expansion velocities were 516 
essentially unchanged (Melosh, 2008, fig. 11). Moreover, the plume without molecules expanded 517 
even faster at the beginning because of slower pressure decay. Hence, there also does not appear to 518 
be a fundamental problem with the EOS. 519 
One final plausible reason for a discrepancy is that we have not taken into account back 520 
reactions in the plume (and energy release), and there is observational data that suggests calcite is 521 
being formed within the plume and being distributed locally. The thick deposits of calcite-rich 522 
spherules in Belize are evidence for the occurrence of back reactions (e.g. Smit, 1999).  However, 523 
this is unlikely to affect the velocity of shocked quartz as these materials are substantially 524 
separated in the plume. 525 
 526 
5. 4  Small particles suspended in the plume and slow non-ballistic transport  527 
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One other possible mechanism for ejecting basement minerals at high velocity is through 528 
small particles being turbulently incorporated into the plume.  While standard hydrodynamics 529 
describe a continuum media, i.e. all materials ejected at the same place and at the same time move 530 
along the same trajectories, the actual situation may be different: vaporized rocks expand 531 
separately from solid fragments; large boulders follow ballistic trajectories, while small ones and 532 
molten droplets may be turbulently incorporated into the plume. Hence, in addition to our standard 533 
modeling (presented in Tables 2 and 3) we attempt to model this “non-ballistic” transport using 534 
“dusty flow” hydrodynamics by creating particles instead of solid-molten continuous medium.  In 535 
this late-stage modeling (up to 15 minutes), when all ballistic ejecta with velocity of 2-3 km/s 536 
should have reached the upper atmosphere close to its final destination, about 0.05 km3 of grains 537 
from the basement eventually reach the boundaries of our computational box (located at a distance 538 
of 1000 km from the impact site and at an altitude of 500 km) and escape it.  There are another 1.2 539 
km3 of basement material at lower altitudes (< 200 km), at distances of 1000 km from the impact 540 
site in the downrange direction.  The size of these particles ranges between 1 µm (the lower limit 541 
in modeled SFD) to 3 mm, and the maximum shock compression of the particles is from 20 GPa to 542 
55 GPa (melting point), i.e. pressures that can produce PDFs in quartz.  As all these droplets have 543 
been subjected to turbulent mixing, we do not see any correlation between velocity and shock 544 
pressure, or velocity and particle size.  In addition, the spatial distribution is more symmetric than 545 
the initial one.  The total amount of this “low-velocity turbulent” ejecta is much lower that would 546 
be required to create a worldwide ejecta layer with an average thickness of 2-3 mm, but is enough 547 
to produce the total volume of shocked quartz distributed worldwide (Table 1). 548 
These suspended particles (including shocked quartz grains) could be dispersed around the 549 
globe by atmospheric flows and slow gravitational settling, similar to volcanic ashes such as in the 550 
El Chichon eruption in 1982 (Rampino and Self, 1984).  This mechanism was proposed by Toon 551 
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et al. (1997) and Covey et al. (1990), and modeled by Pope (2002) who assumed 1016-1017 g of 552 
clastic material at stratospheric altitudes near the Chicxulub crater.  This variant looks attractive 553 
because, such non-ballistic transport of quartz grains at low velocities and low altitudes, would 554 
allow PDF to survive upper atmosphere heating during re-entry.  If the shocked quartz had 555 
traveled ballistically at high-velocity, the shocked quartz should have annealed (Croskell et al., 556 
2002).  This raises the question as to whether we can distinguish between this ballistic or non-557 
ballistic transport on the basis of grain-size distribution.  Unfortunately we cannot, because both 558 
would lead to an inverse relationship between maximum grain size dmax and distance from the 559 
crater D.. Modeling results give a similar inverse relationship, but with a different exponent.  In 560 
the case of ballistic transport grain size decreases with distance because, on average, larger grains 561 
are ejected with lower velocity (Grady and Kipp, 1980; Melosh, 1989, p.107) and  dmax ~ D-1/3.  In 562 
the case of non-ballistic distribution by atmospheric flows, this distance is defined by settling time, 563 
i.e. by particle size, and  dmax ~ D-1/2.  The observed maximum grain size decreases more rapidly 564 
than predicted by either transport mechanism (dmax ~ D-0.6, Morgan et al., 2006).  565 
 566 
5.5 Floating of impact debris and fast non-ballistic transport  567 
Colgate and Petschek (1985) proposed a mechanism for lateral transport of ejecta termed 568 
“floating of impact debris in the atmosphere”. Their idea arose from the observation that large 569 
volumes of ejecta slid sub-horizontally around Jupiter hours after the Shoemaker-Levy impact 570 
(McGregor et al., 1996). The principal idea is quite simple: the re-entering of debris heats the 571 
atmosphere, which then expands upwards and outwards, and redistributes the debris. Unlike for 572 
atmospheric flows, which take several weeks to transport volcanic ashes globally, this mechanism 573 
may allow global re-distribution of the ejecta in several hours. However, Colgate and Petschek 574 
(1985) presented the concept only, and did not attempt to model the phenomena.  575 
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Here we present a simplified model of ejecta re-entry using SOVA complemented by dusty 576 
flow procedure, to investigate whether the floating debris mechanism could lead to a re-577 
distribution of ejecta around the globe. We assume that the ejecta re-enters an undisturbed 578 
atmosphere (this is true for the initial arriving ejecta, but not for later arriving ejecta). In Fig. 6a  a 579 
beam of ejecta is shown arriving at an altitude of 100 km with a velocity of 2 km/s. The beam of 580 
ejecta is 25-km in diameter and, if not re-distributed, would have formed a 25-km wide layer that 581 
was 14 cm thick at surface. The velocity and volume of ejecta is approximately equal to that of 582 
ejecta arriving ~1000 km from the Chicxulub impact site. We observe that, in the upper 583 
atmosphere, the ejecta moves ballistically and transfers its energy to the gas, creating shock waves 584 
(visible as darker gray in color in comparison with stratified atmosphere).  At lower altitudes, 585 
atmospheric disturbances become strong enough to disperse ejecta – first uprange (Fig. 6c) and 586 
later downrange (Fig. 6e-f)..    In Fig. 7 we show the resulting deposit thickness for the model in 587 
Fig. 6.  Two gray rectangles show the fate of the ejecta if it had passed straight through the 588 
atmosphere by: pure ballistic travel without substantial deceleration (B) and quick deceleration in 589 
the upper atmosphere followed by slow sedimentation (S).  In the case of ejecta being re-590 
distributed by the expansion of the atmosphere, the ejecta thickness is ~2 cm in the center and 591 
more or less constant at 1-mm-thick at distances of up to 400 km downrange and uprange. 592 
Approximately 1/3 of the ejecta are deposited at greater distances, outside the area shown in the 593 
figure.  594 
[Fig. 6] [Fig. 7] 595 
The real re-distribution, and final ejecta thickness, would depend on the ejecta mass, 596 
velocity, and particle-size distribution. Hence, the picture is more complicated than suggested in 597 
Figs. 6 and 7, as in reality we would have ejecta arriving at all distances, traveling with a range of 598 
particle velocities, and different masses per unit area. Of importance, smaller particles are 599 
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dispersed more intensively, and are thus more likely to end up on the other side of the globe.  600 
Hence, this mechanism is consistent with the observation that the size of shocked quartz gradually 601 
decreases with distance from Chicxulub. We also note that, the dispersion process should actually 602 
be even more intensive than shown, as the later arriving ejecta will enter an atmosphere that has 603 
already been disturbed by the initial, fast-arriving, ejecta. This implies that particles suspended in 604 
the expanding plume, as well as proximal ejecta with velocities of 2-3 km/s, may be efficiently re-605 
distributed by this mechanism to much larger distances, and within a comparable time interval, 606 
compared with pure ballistic transport.  607 
If we assume that all high-velocity ejecta (above 4-5 km/s) is distributed non-ballistically 608 
and evenly by this method, then the global thickness is roughly equal to 2-3 mm (see square and 609 
triangle in Fig. 3).   In addition, this transport mechanism would:  reduce the total volume of ejecta 610 
arriving at North American sites (which is slightly too large in our models), increase the volume of 611 
material arriving at distal sites (which is slightly too small in some of our models), as well as 612 
enable shocked quartz and zircon to reach distal sites without being annealed.  These preliminary 613 
results are quite encouraging, as they address all the discrepancies between observational data and 614 
models with purely ballistic transport. 615 
 616 
5.6 Deposition time 617 
Thus, we suggest that some ejecta material are deposited ballistically (spherules) and other 618 
ejecta non-ballistically (probably some spherules, shocked quartz and zircon, and fine particles).  619 
This leads to the question – why do they jointly form a single thin layer instead of two distinct 620 
layers?   Ballistic flight is shorter than half an hour, while non-ballistic transport by the floating 621 
debris mechanism could take several hours to reach the most distal sites. However, the time of 622 
ballistic flight above the atmosphere is much shorter that the settling time through a dense 623 
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atmospheric and water layer (for marine sites). Even in the case of massive ejecta re-entry (Goldin 624 
and Melosh, 2007), settling velocity remains high only in the upper atmosphere and later, at an 625 
altitude of 50 km and below, is defined by standard Stokes’s  law. Thus, settling time for the finest 626 
particles (50 µm) in the atmosphere or in deep water exceeds 10 days.  Most probably, ballistic 627 
and non-ballistic ejecta from the Chicxulub crater were finally deposited together to form one 628 
single layer within a couple of weeks of the impact.  629 
 630 
6. Conclusions 631 
We have modeled some first-order observations well, and have performed a simple pilot study 632 
on a mechanism for non-ballistic transport that appears to explain the most significant mismatches 633 
between models and observational data.   We conclude that: 634 
 635 
1.  Spherules within the distal K-Pg boundary layer were formed from vaporized/molten 636 
projectile and sediment in a ratio from 1:3 to 1:4, and were principally emplaced 637 
ballistically;  638 
2.  Impact glasses from proximal sites (~900 km from Chicxulub)  originate from porous 639 
wet sediments mixed with crystalline basement in our model, as indicated by 640 
observations;  641 
3.  Models with impact angles of around 45° can reproduce the observed world-wide 642 
iridium volume, whereas sub-vertical impacts and oblique impact angles of ≤ 30 643 
degrees cannot; 644 
4.  According to our numerical modeling and analysis of various mechanisms of ejecta 645 
emplacement, shocked quartz and zircon within the K-Pg layer were most likely 646 
emplaced non-ballistically by winds (slow transport) or by a mechanism termed 647 
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“floating of impact debris in the atmosphere” (fast transport); the latter looks more 648 
attractive as it does not involve extremely small particles, and particles arrive at their 649 
final destination at roughly the same time as the ballistic ejecta; 650 
5.  The non-ballistic mechanisms may explain why the K-Pg distal ejecta thickness is close 651 
to constant. 652 
6.  All components of K-Pg layer were deposited within a few days (up to a couple of 653 
weeks for the finest fractions) after the impact. 654 
 655 
Our modeling allows us to establish a relationship between the Chicxulub target composition, and 656 
ejecta thickness/composition at various distances from the impact site.  The results are important 657 
for future investigations of the environmental effects of the Chicxulub impact. 658 
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Figure captions 923 
Fig. 1 Distribution of ejecta from the crystalline basement versus azimuthal angle (0 is downrange, 924 
180 – uprange) at 15 seconds after the impact for a) ejected mass and b) ejection velocity. This 925 
distribution is symmetrical over the Y-axis, i.e. is the same for negative angles. Gray is for melt, 926 
black – for solid ejecta. Solid lines on velocity graph show average velocity, dashed lines - 927 
maximum velocity for a given azimuth. Highly compressed ejecta (impact melt) are distributed 928 
more asymmetrically and have higher velocity than solid ejecta. 929 
 930 
Fig.2 a) The Chicxulub crater and its plume 35 seconds after impact. Green is basement, gray is 931 
projectile and sediments, light blue is atmosphere, dark blue is mantle. b) Mass of ejecta (with 20 932 
km altitude step) and average ejecta velocity (black line) as a function of altitude 35 s after impact.  933 
While upper part of the plume, containing projectile and sediments has velocity above 6 km/s, its 934 
lower part (mixture of sediments and basement) expands with velocity of 2 km/s or even less. 935 
 936 
Fig. 3 Cumulative mass of ejecta (left axis) versus ejection velocity (bottom axis) is shown by 937 
black lines. Corresponding ballistic thickness of ejecta (right axis) as a function of distance (top 938 
axis) is shown with gray lines. Solid lines are for dry target, dashed ones - for water-saturated 939 
sediments. Squares (dry target) and triangles (water saturated sediments) represent worldwide 940 
ejecta thickness if high-velocity ejecta (with velocity higher than on velocity-axis) are deposited 941 
non-ballistically and evenly. 942 
 943 
Fig. 4a Basement ejecta volume passed a 100-km-radius hemisphere (bars and left axis) and its 944 
average (solid lines, right axis) and maximum (dashed line, right axis) velocities as a function of 945 
azimuthal angle. Gray colors represent all basement material, black – molten material. Left graph 946 
is for the dry target, right graph – for the target with water-saturated sedimentary layer. While 947 
mass distributions are similar, ejection velocities are substantially higher in the latter case (water 948 
in the target). 949 
 950 
Fig. 4b. Comparison of the real molten ejecta volume passing 200-km-radius hemisphere (black 951 
bars) assuming ballistic continuation from 100-km-radius hemisphere (shaded bars). There is no 952 
acceleration of basement ejecta in the plume between these two radii. 953 
 954 
Fig. 5. Thickness of molten basement ejecta (Haitian glasses) near the crater (shown by circle at 955 
position 0,0) for impact into a a) dry target, and b) water-saturated target. Only high-velocity 956 
ejecta (which reached the 100-km-diameter hemisphere) is shown, i.e. thickness of ejecta near the 957 
crater rim is underestimated. The impact into a wet target produces roughly the observed thickness 958 
of proximal ejecta in Haiti. 959 
 960 
Fig. 6. Shock waves in atmosphere and dispersion ejecta as it re-enters the atmosphere. 961 
Atmosphere thickness (Y-axis) is 100 km, numbers along the X-axis show distance from the re-962 
entry point in km. Y-scale shows 100 km of the Earth’s atmosphere. Numbers in the upper right 963 
corner of each snapshots are time in seconds. 964 
 965 
 966 
'Fig. 7 Solid line shows the final ejecta distribution for the  model shown in Fig. 6, in which ejecta 967 
is re-distributed by the floating debris mechanism. The two rectangles show the location and 968 
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thickness of ejecta that would have been deposited if the ejecta had not been re-distributed, and 969 
had traveled through the atmosphere by either ballistic continuation (B) or  by deceleration in the 970 
upper atmosphere followed by vertical Stoke’s sedimentation (S).' 971 
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 972 
Table 1 973 
Estimated amount of shocked quartz  974 
Distance, 
103 km 
Mean 
size, 
µm  
Nos/cm2 Volume, km3 
< 3 60-80 800-1100 0.027-0.088 
3 – 6  45-55 300-400 0.011-0.028 
> 6 35-45 70-130 0.006-0.025 
Total    0.044-0.141 
 975 
Table 2 Melting and vaporization of target materials and projectile (total volume; ejected volume 976 
– in parenthesis) 977 
 978 
 979 
 
 
Dry, 14.4 km, 
45°, 18km/s 
Dry, 16 km, 
30°, 18 km/s 
Dry, 10 km, 
45°, 36 km/s 
Wet, 14.4 
km, 45°, 18 
km/s 
Wet, 12 km, 90°, 18 
km/s 
Sediments, km3 
> 60 GPa 
> 10 GPa 
 
1924 (1679) 
11186 (10941) 
 
2619 (2139) 
10647 (10116) 
 
2376 (2363) 
14899 (11532) 
 
1823 (1648) 
14899 
(11532) 
 
544 (448) 
5694 (5598) 
Basement, km3 
Melt 
Vapor 
 
24905 (3304) 
224 
 
21092 (946) 
 
34866 (2624) 
1980 
 
25255 
(3086) 
226 
 
21858 (1984) 
250 
Projectile, melt (%) 97.6 (77.6) 92.5 (88.4) 100 (96.6) 96.5 (76.9) 100. (11.4) 
 980 
 981 
Table 3. Cumulative material distribution over ejection velocity (in % of projectile volume). 982 
 Escape, 11 
km/s 
> 8 km/s > 5 km/s 
(global) 
> 3 km/s 
(proximal) 
> 1 km/s 
(outside 
crater) 
Dry, 14.4 km, 
45°, 18km/s 
5.6 (5.2) * 
4.5 (4.5) 
- 
9.4 (9.1) 
12.9 (12.1) 
- 
19.2 (18.9) 
39.9 (29.5) 
- 
39.6 (38.8) 
118. (62.4) 
0.44 (0.44)  
68.8 (66.8) 
566.(99.0) 
134. (83.2) 
Dry, 16 km, 30°, 
18 km/s 
27.5 (27.5) 
6.9 (6.9) 
40.2 (36.4) 
14.8 (12.9) 
66.7 (61.1) 
43.8 (24.6) 
81.8 (75.4) 
104. (40.8) 
94.5 (87.3) 
420. (85.7) 
 45
- - - - 51.9 (15.1) 
Dry, 10 km, 45°, 
36 km/s 
12.4 (12.4) 
32.2 (31.5) 
- 
24.5 (24.5) 
72.7 (71.6) 
- 
53.5 (53.5) 
199. (174.) 
- 
79.8 (79.8) 
446. (315) 
13.0 (13.0) 
96.5 (96.5) 
2066 (449) 
452. (406.) 
Wet, 14.4 km, 
45°, 18 km/s 
3.0 (2.5) 
6.1 (6.1) 
- 
7.2 (6,4) 
19.2 (15.9) 
- 
20.4 (19.5) 
62.2 (40.2) 
-  
41.8 (40.4) 
145. (69.7) 
5.4 (5.4) 
72.8 (69.9) 
637. (99.6) 
191. (87.) 
Wet, 12 km, 90°, 
18 km/s 
- 
- 
- 
- 
0.07 (0.07) 
- 
- 
6.1 (3.2) 
- 
- 
54.0 (18.3) 
- 
5.0 (5.0) 
593 (48.0) 
97.6 (86.0) 
 983 
* In parenthesis – molten or degassed material. In each cell the first line is for the projectile, the 984 
second  - for the sediments, the third – for the basement. 985 
 986 
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 987 
Fig. 1 Distribution of ejecta from the crystalline basement versus azimuthal angle (0 is downrange, 988 
180 – uprange) at 15 seconds after the impact for a) ejected mass and b) ejection velocity. This 989 
distribution is symmetrical over the Y-axis, i.e. is the same for negative angles. Gray is for melt, 990 
black – for solid ejecta. Solid lines on velocity graph show average velocity, dashed lines - 991 
maximum velocity for a given azimuth. Highly compressed ejecta (impact melt) are distributed 992 
more asymmetrically and have higher velocity than solid ejecta. 993 
 994 
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 995 
Fig.2 a) The Chicxulub crater and its plume 35 seconds after impact. Green is basement, gray is 996 
projectile and sediments, light blue is atmosphere, dark blue is mantle. b) Mass of ejecta (with 20 997 
km altitude step) and average ejecta velocity (black line) as a function of altitude 35 s after impact.  998 
While upper part of the plume, containing projectile and sediments has velocity above 6 km/s, its 999 
lower part (mixture of sediments and basement) expands with velocity of 2 km/s or even less. 1000 
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Fig. 3 Cumulative mass of ejecta (left axis) versus ejection velocity (bottom axis) is shown by 1001 
black lines. Corresponding ballistic thickness of ejecta (right axis) as a function of distance (top 1002 
axis) is shown with gray lines. Solid lines are for dry target, dashed ones - for water-saturated 1003 
sediments. Squares (dry target) and triangles (water saturated sediments) represent worldwide 1004 
ejecta thickness if high-velocity ejecta (with velocity higher than on velocity-axis) are deposited 1005 
non-ballisitically and evenly. 1006 
 1007 
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Fig. 4a. Basement ejecta volume passed a 100-km-radius hemisphere (bars and left axis) and its 1008 
average (solid lines, right axis) and maximum (dashed line, right axis) velocities as a function of 1009 
azimuthal angle. Gray colors represent all basement material, black – molten material. Left graph 1010 
is for the dry target, right graph – for the target with water-saturated sedimentary layer. While 1011 
mass distributions are similar, ejection velocities are substantially higher in the latter case (water 1012 
in the target). 1013 
 Fig. 4b. Comparison of the real molten ejecta volume passing 200-km-radius hemisphere (black 1014 
bars) assuming ballistic continuation from 100-km-radius hemisphere (shaded bars). There is no 1015 
acceleration of basement ejecta in the plume between these two radii. 1016 
 1017 
 50
 1018 
Fig. 5 Thickness of molten basement ejecta (Haitian glasses) near the crater (shown by circle at  1019 
position 0,0) for a) impact into dry target, and b) water-saturated target. Only high-velocity ejecta 1020 
(which reached the 100-km-diameter hemisphere) is shown, i.e. thickness of ejecta near the crater 1021 
rim is underestimated.  Haiti is at 900 km – top model does not appear to produce enough 1022 
proximal ejecta. 1023 
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Fig. 6 Shock waves in atmosphere and dispersion of re-entry ejecta. Atmosphere thickness (Y-1024 
axis) is 100 km, numbers along the X-axis show distance from the re-entry point in km. Y-scale 1025 
shows 100 km of the Earth’s atmosphere. Numbers in the upper right corner of each snapshot are 1026 
time in seconds. 1027 
 1028 
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 1029 
 1030 
'Fig. 7 Solid line shows the final ejecta distribution for the  model shown in Fig. 6, in which ejecta 1031 
is re-distributed by the floating debris mechanism. The two rectangles show the location and 1032 
thickness of ejecta that would have been deposited if the ejecta had not been re-distributed, and 1033 
had traveled through the atmosphere by either ballistic continuation (B) or  by deceleration in the 1034 
upper atmosphere followed by vertical Stoke’s sedimentation (S). 1035 
 1036 
 1037 
